Age-related macular degeneration (AMD), affecting the retinal pigment epithelium (RPE), is the leading cause of blindness in middle-aged and older people in developed countries. Genetic and environmental risk factors have been identified, but no effective cure exists. Using a mouse model we show that a transmembrane prolyl 4-hydroxylase (P4H-TM), which participates in the oxygen-dependent regulation of the hypoxia-inducible factor (HIF), is a potential novel candidate gene for AMD. We show that P4h-tm had its highest expression levels in the mouse RPE and brain, heart, lung, skeletal muscle and kidney. P4h-tm -/-mice were fertile and had a normal life span. Lack of P4h-tm stabilized HIF-1a in cortical neurons under normoxia, while in hypoxia it increased the expression of certain HIF target genes in tissues with high endogenous P4h-tm expression levels more than in wild-type mice. Renal erythropoietin levels increased in P4h-tm -/-mice with aging, but the resulting $2-fold increase in erythropoietin serum levels did not lead to erythrocytosis. Instead, accumulation of lipid-containing lamellar bodies in renal tubuli was detected in P4h-tm -/-mice with aging, resulting in inflammation and fibrosis, and later glomerular sclerosis and albuminuria. Lack of P4h-tm was associated with retinal thinning, rosette-like infoldings and drusen-like structure accumulation in RPE with aging, as is characteristic of AMD. Photoreceptor recycling was compromised, and electroretinograms revealed functional impairment of the cone pathway in adult P4h-tm -/-mice and cone and rod deficiency in middleaged mice. P4H-TM is therefore imperative for normal vision, and potentially a novel candidate for age-induced diseases, such as AMD. † H.L. and M.R. contributed equally to this work. ‡ J.M. and P.K. jointly supervised the work.
Introduction
Prolyl 4-hydroxylases (P4Hs) catalyze the formation of 4-hydroxyproline in peptide linkages, requiring Fe 2þ , 2-oxoglutarate and molecular oxygen as cofactors (1, 2) . Two distinct groups of P4Hs exist in animals: the collagen P4Hs that reside in the lumen of the endoplasmic reticulum (ER) and hydroxylate procollagen chains, and hypoxia-inducible factor (HIF) P4Hs (HIFP4Hs), which are localized in the cytosol and nucleus and act on HIFa subunits (1, 3, 4) . The role of 4-hydroxyproline in collagens is to stabilize their conformation in relation to body temperature (1) , whereas the HIF-P4Hs act as cellular oxygen sensors and the presence of 4-hydroxyproline in HIFa marks it for proteasomal degradation (4) . We have characterized a vertebrate transmembrane P4H, referred to as P4H-TM, which has its highest expression in the eye and brain (5, 6) . It resides in the ER membranes with its catalytic domain within the lumen, but does not hydroxylate procollagen chains (5) . Instead, it can downregulate HIFa in cellulo and hydroxylate prolyl residues in HIFa in vitro (5) . We have shown that, like the HIF-P4Hs, P4H-TM contributes to erythropoietin (EPO) expression in the kidney and induces erythropoiesis in mice (7) . Knockdown of P4H-TM in zebrafish leads to basement membrane defects, impairment of eye development and compromised kidney function (6) .
Age-related macular degeneration (AMD) is the leading cause of blindness in people over 50 years of age in developed countries (8, 9) . Its prevalence is increasing and no effective cure exists. The characteristic finding of AMD is the bilateral appearance of drusen, focal deposits of acellular polymorphous debris between the retinal pigment epithelium (RPE) and Bruch's membrane (8, 9) . Excess drusen can damage the RPE and a chronic aberrant inflammatory process can lead to large areas of retinal atrophy or the expression of angiogenic cytokines such as vascular endothelial growth factor (VEGF), eventually progressing to the dry and wet forms of AMD, respectively, the result being an irreversible impairment of vision. The physiological functions of the RPE, which is a central element in the development of AMD, include the regeneration of the visual pigments, the formation and maintenance of specific connective tissue layers, namely the interphotoreceptor matrix and Bruch's membrane, the transport of fluids and ions between the photoreceptors and choriocapillaries and phagocytosis of the photoreceptor outer segments (POS), which is essential for their renewal (8) . Though AMD is considered a part of the normal aging process, there are genetic and environmental factors that can accelerate it (8, 9) . Several gene variations have been associated with AMD, including those affecting complement factors H (CFH), B (CFB) and C2 (CFC2) and LOC387715 (10) . Smoking, obesity, white race and low dietary intake of antioxidants have also been associated with AMD pathology (8, 9) .
We show here that P4h-tm is expressed to a high degree in the mouse RPE and brain, and that its lack leads to normoxic HIFa stabilization in cortical neurons and increased expression of some HIF target genes. P4h-tm -/-mice develop age-related renal dysfunction, resulting in proteinuria and impaired RPE functions, which eventually lead to an AMD-like pathology. Our data suggest that P4H-TM deficiency may be involved in AMD.
Results

P4h-tm is a non-vital gene with highest expression in the mouse eye and brain
To study the in vivo role of P4h-tm, we generated a mouse line with an inactivated P4h-tm gene. A targeting construct with the lacZneo cassette (11) Fig. S1C ), which was also used for genotyping the mice. The P4h-tm -/-mice were born in the expected Mendelian ratios, the offspring from heterozygous matings being 24.1% P4h-tm
, 49.1% P4h-tm þ/-and 26.9% P4h-tm -/-(n ¼ 644), and they had a normal life span. Since the lacZneo cassette contains a stop codon, it was predicted that a truncated transcript would be generated. A minor alternatively spliced transcript ( 2.5% of all P4h-tm mRNA) was also detected in tissues of the P4h-tm -/-mice by RT-PCR (Supplementary Material, Fig. S1D ), and sequencing of this product revealed a scrambled transcript lacking exon 3 and with a stop codon in exon 4, thus a corresponding translation product would lack exons 6 and 9, which are required for catalytic activity. When the expression level of P4h-tm mRNA was studied in various mouse tissues by qPCR and Northern blotting ( Figure 1A and 1B) the highest expression levels detected by qPCR were in the eye and brain, especially in the RPE cells and cortical neurons extracted from these tissues, while the expression level was much lower in the other tissues studied ( Figure 1A ). The tissues with the next highest P4h-tm mRNA expression levels were the skeletal muscle, lung, heart, adrenal gland and kidney, but these levels were only 4-15% of those in the eye ( Figure 1A ). Northern blotting also showed the prostate, thyroid and testis to have substantial P4h-tm mRNA expression levels ( Figure 1B ). P4h-tm mRNA expression was lower than that of Hif-p4h-1-3 in all the tissues studied except the brain, where it was the second most abundant after Hif-p4h-2 mRNA, and the eye and kidney where it was the third most abundant after Hif-p4h-2 and Hifp4h-3 mRNA ( Figure 1A) . A 1.5-2.8-fold increase in the expression of the transcript fragment containing exons 1-2 was detected by qPCR in the P4h-tm -/-mice relative to the wild type in tissues with high endogenous P4h-tm mRNA levels, i.e. the brain, eye, kidney and adrenal gland. This suggests a feedback mechanism for the induction of P4h-tm mRNA transcription in those tissues that lack P4H-TM ( Figure 1C ). However, as stated above, no transcript coding for a functional P4H-TM is produced in the P4h-tm -/-mice. P4H-TM mRNA was also expressed in human RPE, neuroblastoma and embryonic kidney HEK293 cells ( Figure 1D ). Integration of the lacZneo cassette into the P4h-tm locus allowed us to study the endogenous expression of P4h-tm by X-gal staining of the P4h-tm -/-tissues. In accordance with the mRNA expression data, strong staining was detected in the neocortex, hippocampus, amygdala and hypothalamus of the brain (Figure 2A ), the RPE of the eye ( Figure 2B ) and the adrenal medulla ( Figure 2C ). In addition, the tubular cells of the inner cortex area of the kidney were shown by in situ hybridization to express P4h-tm ( Figure 2D-F) .
Lack of P4h-tm stabilizes HIF-1a in cortical neurons and increases the expression of certain HIF target genes
Previous in vitro and in cellulo data suggest that P4H-TM can hydroxylate and regulate the stability of HIFa (5, 12) . In addition, several HIF target genes were upregulated in zebrafish embryos deficient in P4H-TM (6), while P4H-TM was found to participate in the regulation of HIF and EPO expression in the mouse (7). We detected normoxic stabilization of HIF-1a, but not HIF-2a, in the cortical neurons of P4h-tm -/-mice by Western blotting ( Figure 3A ). In the eye, HIF-1a was stabilized in normoxia to a small extent in both genotypes, but no difference between them was observed ( Figure 3A) . No stabilization of HIF-1a was detected in normoxia in the brain and HIF-2a was neither stabilized in the eye nor in the brain ( Figure 3A ). We next used qPCR to study the expression of selected HIF target genes in various tissues of P4h-tm -/-and wild-type mice kept under normoxia or following exposure to 6% O 2 for 6 h. No significant difference was detected between the genotypes in the expression of these genes under normoxia (data not shown). Following exposure to hypoxia Pai-1 and Lox mRNAs were increased in the brain and kidney of both genotypes to 340-570% and 120-180%, respectively, relative to their normoxic levels, whereas no significant induction was detected in the eye. Significantly higher expression levels of Pai-1 and Lox mRNA following hypoxia were detected in the brain of P4h-tm -/-than wild-type mice, and of Lox mRNA in the kidney, while the 155% relative expression level of Pai-1 mRNA in the hypoxic P4h-tm -/-kidney (compared to 100% in wild type) did not quite reach statistical significance (P ¼ 0.07) ( Figure 3B ). Pai-1 mRNA expression in the eye was also increased under hypoxia in the P4h-tm -/-mice by 139% compared with the wild type (P ¼ 0.057), but no increase in Lox mRNA expression was detected in this tissue ( Figure 3B ). No increased expression of Epo mRNA relative to the wild type was detected in the kidneys of normoxic 6-month-old P4h-tm -/-mice, but an increase was seen in 1-year-old mice ( Figure 3C ). The increase in renal Epo mRNA was accompanied by a significant increase in EPO expression in the kidney and serum of elderly P4h-tm -/-mice relative to the wild type ( Figure 3C ), but the 2-fold increase in serum EPO was not sufficient per se to increase erythropoiesis, as the hematocrit values of the P4h-tm -/-mice were equivalent to those of the wild type ( Figure 3C ).
P4h-tm -/-mice have renal tubular defects and develop late onset proteinuria
Morphological analysis of the kidneys of the P4h-tm -/-mice revealed extensive accumulation of a foamy substance in the tubuli, starting at 10 months of age. This material was stained by Sudan black, suggesting a lipid composition ( Figure 4A and B). The particles were identified in transmission electron microscopy (TEM) as being lamellar bodies residing in the proximal tubular cells ( Figure 4C ). In addition, the peritubular space in the P4h-tm -/-kidneys was filled with inflammatory cells and the interstitial fibroblasts with dilated ER ( Figure 4D and E), accompanied by fibrosis and induced expression of certain matrix and inflammatory mRNAs (Supplementary Material, Fig. S2 ). ER dilatation seemed a specific feature of interstitial fibroblasts and were not detected elsewhere in the kidney or in the retina. Starting at 12 months of age the P4h-tm -/-mice, but not the wild type, developed albuminuria ( Figure 4F ) and glomerular sclerosis, and enlarged Bowman's capsules were detected in their kidneys by Masson trichrome staining (data not shown).
Lack of P4h-tm alters photoreceptor recycling and phenocopies AMD in the eye
The RPE layer in the eyes of the 14.5-month-old P4h-tm -/-mice was thinned, occasionally even damaged, when studied by light microscopy ( Figure 5A and B). The outer nuclear layer (ONL), where the photoreceptor nuclei reside, was wavy and had rosette-like focal infoldings in 50% of the P4h-tm -/-cases studied but not in any of the wild-type retinas ( Figure 5C -E). In most cases the ONL protruded into the photoreceptor segments, but the photoreceptor segment protrusion into the ONL was also detected ( Figure 5E ). Morphometric analysis revealed thinning of the RPE layer in the P4h-tm -/-eyes relative to the wild type ( Figure 5F ), whereas the reduction in the width of the ONL and the length of the photoreceptor outer and inner segments in the P4h-tm -/-eyes did not reach statistical significance (P ¼ 0.16, P ¼ 0.22 and P ¼ 0.05, respectively, Figure 5F ). Widened intercellular spaces between the RPE cells in the P4h-tm -/-eyes and edema in the choroid layer relative to the wild type were observed by TEM, starting at 10 months of age ( Figure 6A-D) . The P4h-tm -/-RPE cells displayed laminar deposits and had reduced and disorganized basal infoldings, as are characteristic of AMD ( Figure 6E and F). The Bruch's membrane of the P4h-tm -/-eyes had accumulated membranous, drusen-like debris ( Figure 6F ), and the eye phenotype had advanced with age, so that the RPE intercellular space was even wider in the 29-month-old mice than in the 10-month-old ones ( Figure 6B ). They also had large vacuoles, and the basal laminar drusen-like deposits formed a continuous layer ( Figure 6G ). We did not observe any significant alterations in the organization of the lens (data not shown) or in the structure of the lens capsule (Supplementary Material, Fig. S3 ). Since the physiological function of the RPE cells is to recycle photoreceptors, we used TEM to analyze the number, size and location of the phagosomes that contain the recycled photoreceptors in P4h-tm -/-and wild-type retinas ( Figure 6H and I). No difference in the number of phagosomes was observed between the genotypes ( Figure 6J ), but the phagosomes were significantly larger in size in the P4h-tm -/-RPE cells ( Figure 6K ) and were located more in the apical layer of RPE cells and less in the basal layer ( Figure 6L ), indicating that they were less mature and had travelled a shorter distance than in the wild type.
Retinal function is compromised in P4h-tm -/-mice
We recorded light and dark-adapted in vivo electroretinograms (ERGs) for two cohorts of mice, aged 5-6 months (adults) and 12-13 months (middle-aged), in order to study retinal function in the cone and rod pathways. Since P4h-tm deletion showed HIFmediated homeostatic changes earlier, the ERGs were tested also in fully controlled ex vivo conditions with the retinas of adult mice. The results show that the light-adapted ERG, depicting the functioning of the retinal cone pathways, had deteriorated in the adult P4h-tm -/-mice. The photoreceptor component (A-wave) in the P4h-tm -/-mice showed a normal amplitude but increased latency ( Figure 7A -C), whereas the B-wave and photopic negative response (PhNR), representing activation of the inner retina, displayed smaller amplitudes relative to the wild type ( Figure 7A and B) and the B-wave latency was longer ( Figure 7A and C). In line with these findings, we detected no abnormalities in the macroscopic appearance of the cone outer segments or cone counts (Supplementary Material, Fig. S4 ). The rod function did not show significant abnormalities in adult P4h-tm -/-mice, as assessed by dark-adapted ERG both in vivo and ex vivo ( Figure 7D -G). However, also the rod-mediated ERG responses tended to be slower in P4h-tm -/-mice in vivo, especially the B-wave latency (P ¼ 0.06). Under dark-adapted conditions the cone-mediated responses were isolated from rod-mediated responses by a double-stimulus paradigm. Response to the second flash in this paradigm, the 'cone flash', was altered in the P4h-tm -/-mice both in vivo and ex vivo ( Figure 7H and I), supporting the contention that primarily cone-mediated dysfunction occurs in the P4h-tm -/-retina at an adult age.
Like the adults, the middle-aged P4h-tm -/-mice showed impaired late components of the cone-mediated ERG. The lightadapted A-wave was comparable in both genotypes ( Figure  8A -C), as was the amplitude of the B-wave, while the B-wave peak tended to occur later in the P4h-tm -/-mice (P ¼ 0.1; Figure   8A and C). The PhNR amplitude was significantly reduced in the middle-aged P4h-tm -/-mice (P < 0.01), but its latency was normal ( Figure 8A -C). Owing to the abnormalities, especially in the late components of ERG in the P4h-tm -/-mice, which indicates involvement of retinal ganglion cell dysfunction, we also tested the retinal response to patterned stimuli, and observed similar responses in both genotypes ( Figure 8D ). Although the ERG results in adult and middle-aged mice are not fully comparable due to differential study designs, it is rather clear that the conemediated dysfunction in the P4h-tm -/-mice was not progressive with age. Unlike the adults, the middle-aged P4h-tm -/-mice showed reduced first ERG components in the dark-adapted state, implying dysfunctional rods ( Figure 8E ). The A-wave amplitude had decreased in the middle-aged P4h-tm -/-mice ( Figure 8F ), and there was also a tendency for smaller B-wave amplitudes, although not significantly so ( Figure 8F ; P ¼ 0.14). The impairments observed in the functioning of the cone and rod-mediated pathways in the P4h-tm -/-mouse retina were probably caused by different, independent mechanisms, since the light and darkadapted ERGs showed differing time sequences of dysfunction, and the retinal compartments in which it was manifested (inner retina incone-ERGand photoreceptor level inrod-ERG) differed between the light and dark-adapted states (Figures 7 and 8 ).
Discussion P4H-TM has been shown to hydroxylate HIFa in vitro and regulate the levels of HIFa in cellulo (5, 12) . We show here that the mouse P4h-tm gene has its highest expression in the eye and brain and in RPE cells and cortical neurons from these tissues, while much lower expression levels are found in many other tissues. Nevertheless, the level of P4h-tm mRNA expression was lower than those of any of the three Hif-p4h mRNAs in almost all the tissues studied. It is therefore not surprising that we did not detect normoxic stabilization of HIFa by Western blotting in any source other than cortical neurons, evidently because the levels of the three HIF-P4H isoenzymes were sufficient to produce complete hydroxylation of HIFa. Likewise, we have previously found no normoxic stabilization of HIF-1a or HIF-2a or increased expression of the Epo gene in the kidney of 5-to 8-month P4h-tm -/-mice, whereas administration of a small-molecule compound, FG-4497, which inhibits the three HIF-P4H isoenzymes much more effectively than P4H-TM, stabilized HIF-1a and HIF-2a more effectively in the kidneys of P4h-tm -/-mice than in those of the wild type and led to a higher expression of Epo mRNA in the P4h-tm -/-kidneys (7). In the present study, we additionally found that the expression of Epo mRNA and EPO protein is increased in the kidney of elderly P4h-tm -/-mice relative to the wild type and that these mice also have increased serum EPO levels, although these levels are not high enough to lead to increased erythrocytosis. Hypoxic expression of some HIF target genes was increased in P4h-tm -/-tissues with high endogenous P4h-tm expression levels more than in wildtype tissues, supporting the view that P4H-TM can act as a fourth HIF-P4H in vivo.
From the age of about 10 months onwards the P4h-tm -/-mice developed a kidney phenotype that included the accumulation of lipid-containing lamellar bodies in the tubuli, inflammation and fibrosis, and after the age of 1 year also glomerular sclerosis and albuminuria. The mechanisms leading to this phenotype are currently unknown, but it may be noted that Hif-p4h-2 hypomorphic mice (7) qPCR analysis of the expression of Pai-1 and Lox mRNA in wild-type (þ/þ) and P4h-tm -/-(-/-) tissues following hypoxic exposure. All data are for 12-month-old males, n ¼ 6 for both genotypes. (C) qPCR analysis of the expression of Epo mRNA in 6-month-old males (n ¼ 5 for both genotypes) and 1-year-old males (n ¼ 6 for both genotypes). EPO protein levels in the kidney (12-month-old males, n ¼ 5 for both genotypes) and serum (!18-month-old males, n ¼ 6 for both genotypes). Hematocrit values were determined for 18-26-month-old males (n ¼ 4 for wild type and n ¼ 3 for P4h-tm -/-). *P < 0.05; **P < 0.01.
accumulation in the tubuli (unpublished observation). It thus seems possible that the age-related renal changes observed in the P4h-tm -/-mice may have been due to some effects unrelated to HIF that have been attributed to P4H-TM (5,6). The age-related thinning of the P4h-tm -/-RPE and the accumulation of basal laminar deposits containing membranous debris resemble the human AMD pathology with the presence of drusen (8, 9, 13, 14) , and there are some other genetically engineered mouse models of AMD that also share similarities with our findings (15, 16) . Virtually identical rosette formation to that seen in the P4h-tm -/-mice has been reported in mice that are deficient in the inflammatory genes Cll2 and Ccr2 which manifest overt inflammation at the retina/choroid interface (17) , and a similar but more pronounced rosette formation pathology has been reported in Rdh8 (20, 21) . Also similar to our observations in the P4h-tm -/-mice are the basal deposits reported in mouse models that are related to juvenile macular dystrophies, or involve mutations in apolipoprotein, inflammatory, oxidative stress and certain metabolic pathway genes (15, 16) . In addition to the AMD-like alterations, the P4h-tm -/-retinas manifested several functional defects in the ERG analyses. The B-wave and PhNR components of the light-adapted ERG tended to be reduced in amplitude in the P4h-tm -/-mice regardless of age, whereas the photoreceptor-elicited A-wave had a normal amplitude. As the B-wave mainly marks successful signal transmission through the first visual synapse (22) , these data suggest that the P4h-tm -/-mice display a defect that affects signal transmission from the cone photoreceptors to the cone bipolar cells. Strikingly, the dark-adapted ERG A-wave amplitude, arising from the rod hyperpolarization (23) , decreased in the middle-aged P4h-tm -/-mice relative to the wild type, whereas the B-wave was relatively well preserved, suggesting rod photoreceptor damage. Declining rod function is a normal part of aging in both animals and humans, but it can be accelerated by AMD (24) . It is typically the rod photoreceptors that are primarily damaged in retinal degenerative diseases, including AMD, while cone damage may be secondary (8, 25, 26) . Different mechanisms act on the rod and cone bipolar cell machinery (27) , and changes even in the central monoamine levels, for example, can have different effects on signal transmission through rod and cone bipolar cells (28) . Collectively, our ERG data suggest two major functional findings in the P4h-tm -/-retina that are probably independent from each other: firstly, an ageindependent defect in the signal transmission that is more evident at cone pathway than in rod pathway, and secondly, an aging-induced rod photoreceptor defect. The former probably reflects an unspecific neuronal signal transmission defect in the P4h-tm -/-retina that remains to be defined in detail.
The RPE has a crucial role in the contiguous phagocytosis required for the renewal of shed POS and in the regeneration of the bleached visual pigments (8, 29) . Shedding of the POS disc leaves residual bodies in the RPE that are substrates for the harmful lipofuscin formation (8) . No differences in the numbers of phagosomes were observed, but the phagosomes in the P4h-tm -/-mice were considerably larger than those in the wild type, and were more frequent in the apical, POS-facing side of the RPE layer than in the basal side, indicating compromised photoreceptor phagocytosis and recycling. Thinning of the outer retinal compartments together with altered POS recycling is the likely cause for the decrease in the dark-adapted ERG A-wave of middle-aged P4h-tm -/-mice.
The observed edema in the choroid and widening of the tight junctions could be a result of an impaired outer blood-retina barrier. Additionally, the ONL rosette formation can be an indication of vascular pathology. Despite neuronal HIF-1a stabilization, the induction of select HIF target genes in the brain and kidney and increased serum EPO levels, we did not detect increased HIFa stabilization in the P4h-tm -/-eyes compared to wild type nor increases in the HIF target gene mRNA levels inducing the angiogenesis-inducing VEGF nor obvious neovascularization in retinal whole mount samples (data not shown). An increase in the HIF target gene VEGF is associated with the proliferative wettype AMD pathology (8,9), which was not detected in the P4h-tm -/-retina. Inhibition of Hif-p4h-1 and Hif-p4h-2 has been shown to be remedial rather than pathological with respect to oxygeninduced retinopathy in its early hyperoxic phase I, by preventing vascular loss and ischemia (30, 31) . In addition, targeted HIFa stabilization by rod-specific von Hippel Lindau knock-out has been shown to transiently protect photoreceptors against lightinduced retinal degeneration (32) . Altogether, it seems unlikely that the ocular abnormalities observed in the P4h-tm -/-mice could be HIF-mediated. It has been shown, for instance, that P4H-TM can hydroxylate HIFa in which the prolines targeted by HIF-P4Hs have undergone mutation, suggesting potential additional, but as yet uncharacterized substrates for P4H-TM (5). In summary, the ocular findings described here bear several resemblances to the experimental and clinical dry type of AMD, but the molecularlevel mechanism by which the lack of P4H-TM causes RPE and retinal degeneration remains to be elucidated. A novel autosomal recessive familial intellectual disability syndrome has recently been reported in a family living in northeastern Finland in which genetic studies identified P4H-TM, TKT and USP4 as the candidate genes with potentially protein-damaging 10 lm, (C-F) 1 lm, (G) 5 lm and (H and I) 2 mm. *P < 0.05, **P < 0.01 and ***P < 0.001.
sequence changes (33) . The affected individuals, born to healthy parents, were diagnosed in early childhood as having profound intellectual disability, and among the other symptoms, strabismus was detected in all six patients. Four out of the six were reported to have abnormally light RPE, and two of them had abnormal ERG responses. The authors suggested that P4H-TM deficiency could have contributed to the patients' visual symptoms, and this is supported by the analyses of P4h-tm -/-mice described here.
Morpholino knockdown of P4H-TM in zebrafish embryos is known to result in a reduction in the size of the eye and head, and in pericardial edema indicative of kidney dysfunction (6) . There was opacity in the lens due to extra nuclei and deposits in the P4H-TM-deficient larvae and alterations in the lens capsule basement membrane. No major retinal defects were detected, however, whereas the defects in the mice were detected in the retina but not in the lens. The P4H-TM-deficient larvae, like the elderly P4h-tm -/-mice reported here, developed proteinuria (6) . Altogether, our data show that P4H-TM is essential for normal vision and that its deletion leads to similar age-related RPE pathology as seen in AMD, and potentially for additional age-induced diseases in other organs such as the kidney. However, more mechanistic understanding is needed to draw conclusive implications for the role of P4H-TM in AMD.
Materials and Methods
Generation of P4h-tm -/-mice and their subjection to hypoxia
The P4h-tm -/-mice were generated by inserting the lacZneo cassette (11) into exon 3 of the P4h-tm gene via homologous recombination in W4 embryonic stem cells, leading to a truncated transcript containing exons 1-2 and a 5' part of exon 3 fused to lacZ. Correctly targeted cells were expanded and injected into C57BL/6JOlaHsd blastocysts in the Biocenter Oulu Transgenic Core Facility. The mice were generated by routine methods and backcrossed into C57BL/6JOlaHsd for 10 generations. Two separate strains derived from independent ES cell clones were generated, with same phenotypic features in both.
The targeting construct and genotyping protocols are presented in Supplementary Material, Fig. S1A -C. To verify correct targeting, genomic DNA was digested with EcoRI and hybridized with a probe generated by PCR from P4h-tm intron 2 (Supplementary Material, Fig. S1A and B) . The mice were genotyped by PCR using a primer pair from exons 1 and 3 of P4h-tm (the latter primer targeting the sequence after the lacZneo cassette), and an exon 1-specific forward primer and a lacZ-specific reverse primer, producing 1200-bp and 1800-bp fragments from the wild-type and targeted alleles, respectively (Supplementary Material, Fig. S1C ). We confirmed by sequencing that, as expected, the mouse line did not carry the Rd8 mutation in Crb1 and did not have the M450L causing variant of Rpe65 (data not shown). The mice were subjected to hypoxia in a chamber that was flushed with 14% O 2 for 60 min followed by 6% O 2 for 6 h. All the animal experiments were performed according to protocols approved by the Provincial State Office of Southern Finland.
Extraction of mouse tissues, cortical neurons and RPE cells
The mouse tissues were dissected out immediately after the mice had been sacrificed and were snap-frozen in liquid nitrogen and stored at -70 C. Primary cortical neurons were extracted from the cortices of 15.5-day-old embryos in Hibernate E/B27 medium. The meninges were removed and the tissue was trypsinized. The cells were plated and grown in Neurobasal medium supplemented with B27 in poly-L-lysine-coated culture dishes. The cells were exposed to hypoxia (1% O 2 ) in an InVivo400 hypoxia workstation (Ruskinn). Mouse primary RPE cell isolation was performed according to (34) . The mice were killed by CO 2 asphyxiation and their eyes were enucleated and washed twice with DMEM, treated with 2% dispase in DMEM for 45 min at þ37 C and washed twice with DMEM. The connective tissues were trimmed under a dissection microscope and the cornea, lens and vitreous humor were removed by means of a circumferential cut just above the ora serrata, leaving the neural retina still attached to the eyecup. The eyecups were transferred to fresh DMEM and the neural retinas were carefully peeled away. The trimmed eyecups were incubated in DMEM at þ37 C to facilitate the dissociation of RPE from Bruch's membrane and the RPE sheets were carefully peeled from the remaining eyecups. The sheets of RPE cells were gently triturated and centrifuged at 1500 rpm for 5 min. The cell pellets were resuspended in high-glucose DMEM containing 10% fetal bovine serum, Glutamax R and antibiotics, and the cells were plated into poly-L-lysine-coated culture dishes. When indicated 'eye', the whole eye was used for analyses.
Quantitative real-time PCR (qPCR) and northern blot analysis
Total RNA from tissues and cells was isolated with an EZNA total RNA kit II (OMEGA Bio-tek) or the TriPure isolation reagent (Roche) and reverse-transcribed with an iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR (qPCR) was performed with iTaq SYBR Green Supermix and ROX (Bio-Rad) in a Stratagene Mx3005 thermocycler or in CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The primers used are presented in Supplementary Material, Table S1 . Mouse multitissue Northern blots (Clontech) were hybridized with a 827-bp fragment of mouse P4h-tm.
X-gal staining, and histological and immunohistological analyses b-Galactosidase activity was detected by 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) staining followed by fixation in 10% formalin. The fixed tissues were then processed for paraffin sections and the background was stained with eosin. Sudan black staining was carried out on the kidney sections and they were viewed and photographed with a Leica DM LB2 microscope and Leica DFC 320 camera. For retinal histological analyses the eyes were enucleated and post-fixed in 4% paraformaldehyde overnight. The cornea was cut away following the orientation of the ora serrata and the lens was removed from the eyecup. The retina was dissected from the remaining eyecup and prepared as a whole mount sample. The other eye from each mouse was used for paraffin embedding and cut into 5 mm sections with a microtome. The eye sections were stained with hematoxylin and eosin. A subset of similar sections was stained with antibodies against S or M-opsins (dilution 1:500, AB5407 and AB540, Millipore) and a secondary antibody (dilution 1:500, AlexaFluor Anti-Goat Rabbit 488 nm). The eye sections were inspected using an apotome fluorescent light microscope (Zeiss Imager M2, Zeiss) attached to a digital camera for light microscopy (AxioCam ERc5s, Zeiss) or fluorescence microscopy (AxioCam MRm, Zeiss). Retinal panorama pictures were constructed from each hematoxylin and eosin-stained sample by taking serial images with a 5 x objective going through the whole length of the retina and finally photomerging the images using the Photoshop CS3 software. The length of the retina was determined manually with a ruler tool employing the Zen 2012 software (Zeiss). Marks were drawn digitally on the panorama picture at locations equivalent to 25, 50 and 75% of the distance from the ONH in relation to the end tip of the retina at the ora serrata on both sides of the retina. The thickness of the outer nuclear layer (ONL) and retinal pigment epithelium (RPE) and the length of photoreceptor outer (OS) and inner segments (IS) were measured in the vicinity of the six predetermined locations using the ruler tool. Three consecutive measurements were taken at each location, so that each retina underwent a total of 18 measurements for ONL, RPE, OS and IS. Thicknesses or lengths from all 18 measurements were averaged for analysis. Each measurement was taken in a location where the section was representative, avoiding points that coincided with tears, pits or mounds. The photographs of the retinal malformations were taken with a 20Â objective. The fluorescent images of the M-opsin-labelled retinal sections were taken with a 63 x oil immersion objective using an apotome. Z-stacks were acquired at imaging intervals of 0.25 mm for a total depth of 5 mm. The whole-mounted M-opsin-labelled retinas were imaged similarly except that the imaging interval was 1 mm and a depth of 20 mm was covered. Maximum intensity projections of the z-stacks are shown (Supplementary Material, Fig. S4 ). Stereology and the optical fractionator method (35, 36) were used to estimate the total number of S and M-opsin-labelled outer segments.
In situ hybridization
Tissues were fixed in 4% paraformaldehyde overnight at þ4 C, dehydrated in a graded ethanol series, incubated in xylene, embedded in paraffin and sectioned at 7 lm. In situ hybridization was performed using digoxigenin-11-UTP-labeled probes (Roche Applied Science) and an InsituPro robot (Intavis). Antidigoxigenin antibody (1:500) (Roche Applied Science) and the NBT/BCIP substrate (Roche Applied Science) were used to detect the probe after in situ hybridization.
Western blotting
Nuclear extracts of mouse eyes, brain and liver were obtained using NE-PER Nuclear and Cytoplasmic Extraction Kit from Thermo Scientific. For positive control, mice were given FG-4497 (FibroGen Inc.) to stabilize HIF. Anti-HIF-1a (NB100-479, Novus Biologicals), Anti-HIF-2a (NB100-122, Novus Biologicals), anti-bactin (NB600-501, Novus Biologicals) and anti-a-tubulin (B-6199, Sigma-Aldrich) antibodies were used for the Western blotting of neuronal cell lysates.
Analysis of EPO protein levels and hematological values
Complete blood counts were obtained from terminal blood samples drawn from the inferior vena cava with a Cell-Dyn Sapphire (Abbott) system. The samples were allowed to clot overnight at 4 C followed by centrifugation for 20 min at 1000 g, and serum EPO levels were determined with the Quantikine Mouse EPO Immunoassay kit (R&D Systems). The same kit was used to study the EPO levels in kidney homogenates.
Transmission electron microscopy (TEM)
Tissue samples were fixed in 1% glutaraldehyde and 4% formaldehyde in 0.1 M phosphate buffer, postfixed in 1% osmium tetroxide, dehydrated in acetone and embedded in Epon LX 112 (Ladd Research Industries). Thin sections were cut with a Leica Ultracut UCT ultramicrotome, stained in uranyl acetate and lead citrate and examined in Tecnai Spirit transmission electron microscope. The images were captured using a Quemesa CCD camera (Olympus Soft Imaging Solutions).
Urine analyses
Urine spot samples were collected from !12-month-old age and sex-matched mice, and albumin and creatinine levels were determined with Albuwell M and Creatinine kits (Exocell).
Quantification of phagosomes
Mice maintained on a 12-h light/12-h dark cycle were sacrificed 1 h after light onset. Their eyes were removed immediately and fixed as in TEM for 1-2 h. The anterior segment of each eye (cornea and lens) was removed and the remaining eyecups were embedded in Epon. Semi-thin sections were obtained from near the optic nerve. Phagosomes were counted along the entire section (400-500 lm) and the diameter of each phagosome was measured. For determination of the apical-basal distribution of the phagosomes, the distance from the basal surface of the RPE and the diameter of the RPE was recorded for each phagosome.
Electroretinogram (ERG) analyses
ERGs were recorded for two cohorts of mice. Cohort 1 (adults) underwent ERG recording in vivo at the age of 5-6 months, and a subset of these mice were later used for ex vivo ERG recording. The ERGs for cohort 2 (middle-aged) were recorded in vivo at the age of 12-13 months in dark and light-adapted states in separate sessions in order to avoid long anaesthesia times. The ERG method has been described in detail earlier (36, 37) . The animals were anaesthetized with isoflurane. For the cohort 1 recordings, a drop of oxybuprocaine (Oftan-Obucain, Santen) was applied to the cornea for local anaesthesia and the eyes were then dilated with drops of atropine (Minims Atropine Sulphate V R , Chauvin Pharmaceuticals). Translucent eye lubricant (Lacri-Lube, Allergan) was applied to prevent the corneas from drying during the experiment. The animal was placed on a controlled heating pad that maintained their body temperature at 37 C, and the snout was secured with a customized stereotaxic frame. The protocol for the cohort 2 recordings was the same except that the eyes were not dilated, to allow for pattern ERG (PERG) recording. The recording electrode was a silver wire (diameter 200 mm, PFA-insulated, A-M systems) exposed and shaped to form a semicircular loop at the tip and inserted gently onto the posterior part of the right cornea by means of a micromanipulator. A stainless steel injection needle (27G, Terumo Corporation) was inserted subcutaneously into the ipsilateral cheek to act as a reference, and a second electrode into the lower back to record an electrocardiogram, and a third into the tip of the tail which served as a common ground. A piezoelectric sensor (Temec Instruments) was placed under the animal's belly to monitor breathing movements during anesthesia. The animals were dark-adapted overnight before recording the rod-mediated responses, all the manipulations were performed under a dim red light and the animals were allowed to dark-adapt for a further 5 min before initiation of the stimulation. The animals had been kept in normal laboratory lighting prior to the light-adapted ERG and PERG recordings. The flash stimuli were elicited with a single white LED using Grass S88 stimulator (Grass Medical Instruments, Quincy, MA, USA) connected with a stimulus isolator and current controller (Iso-Flex, A.M.P.I., Jerusalem, Israel) to obtain steady 5 ms flashes. The ERG stimulation in the darkadapted condition, reflecting mostly rod-mediated function, started with a dim flash (cohort 1: -5.66 log relative to max intensity; cohort 2: -4.17 log relative to max intensity) after which the flash intensity was increased gradually until the B-wave of the ERG saturated at log 0 intensity (estimated 2.9Á10 10 pho- Fig. S5 ). Several responses were elicited and averaged at each stimulus intensity to extract the response from the background noise (40 stimuli for the dimmest flash and 4 for the brightest). The interstimulus interval (ISI) was increased with increasing flash intensity (from 4 s to 75 s). Finally, a paired-flash paradigm was used in the cohort 1 recordings to isolate the cone component from the mixed rod-cone waveform (38) . A strong flash (log 0 flash) was delivered to evoke transient rod saturation and 400 ms later a second probe flash (log 0 flash) was delivered to generate a cone-specific response. Rod-saturation at 400 ms after 2.9Á10 10 photons (532nm) /mm 2 (i.e. $14 000 photoisomerizations per rod) flash was assumed based on an ex vivo ERG saturation test (Supplementary Material, Fig. S5 ). In the lightadapted ERG, reflecting the cone-mediated function, the eyes were stimulated by only one flash intensity (-0.48 log flash, 2 s ISI) against a background light of 17 lux (Hioki 3423 Lux HiTester, Hioki, Nagano, Japan). To test the integrity of retinal ganglion cell function, patterned stimuli consisting of vertical sinusoidal bars with reversing contrast at 1 Hz (2 reversals per second) on a monitor screen were also used with the second cohort of mice (PERG recording). These had a mean luminance of 45 lux and a 97% contrast between the white and black gratings. The spatial frequency of the stimulus was 0.03 cycles per degree from the viewing distance. In order to obtain the final PERG response, two sets of 300 stimuli for each image phase were first averaged, and then these averages were checked for consistency and finally superimposed. A baseline for each ERG response was determined as the average amplitude at À100 to 0 ms from the onset of the stimulus. At higher luminous intensities the A-wave amplitude and the latency were measured from the baseline to the first negative trough while the B-wave latency was measured from the first positive peak and the B-wave amplitude from the A-wave trough. The amplitude of the photopic negative response (PhNR) was taken to be the difference between the baseline amplitude and the maximum amplitude of the late negative component peaking at around 140-160 ms from the onset of the stimulus. The PERG waveforms consisted of a positive wave peaking at around 50 ms from the onset (P1) followed by a negative wave peaking at around 150 ms (N2), and the PERG amplitude was defined as the difference between the P1 and N2 amplitudes. For accurate quantification of the ERG components, the oscillatory potentials were isolated by bandfiltering (70-150 Hz) using a 2-way least-square FIR filter (39) and subtracted from the raw waveform. For the ex vivo ERG analyses the mice were dark-adapted overnight and then sacrificed. The eyes were enucleated and bisected along the equator, and the retinas were detached in cooled Ames' solution (Sigma-Aldrich) under dim red light. The isolated retina was placed in a specimen holder (modified from (40)) with an active recording area of 1 mm 2 and perfused with a constant flow (ca. 3 ml/min) of Ames' solution on both sides: on top of the photoreceptors and under the thin filter paper on which the retina was placed. 1.9 g/l of sodium bicarbonate was added to the Ames' solution and the pH was adjusted to $7.5 by constant bubbling with carbogen (95% O 2 , 5% CO 2 ). The temperature of the retina was held at 36-37 C and monitored with a small thermistor placed near the recording area. The transretinal potential was recorded with two Ag/AgCl pellet electrodes (World Precision Instruments EP2) connected to the upper and lower perfusion solutions. The DC signal was low-pass filtered (Bessel eight-pole with fc ¼ 500 Hz) and sampled at 10 kHz with a voltage resolution of 0.25 lV. Light stimuli with homogeneous illumination to the distal side of the retina were provided using the optical system described in (41) . An unattenuated 2 ms flash from 532 nm laser diode module (Power Technology IQ5C(532-100)L74, $130 mW, Cheos) generated 1. Fig. S5 ). The light flashes were generated with Oriel shutters, and the light intensity was attenuated by neutral density filters. The calibration of the lasers and amount of rod isomerizations produced by the stimulating flash in rods was calculated as described earlier (42) .
Statistical analysis
The data were analyzed using SPSS version 21 (Chicago, IL, USA). Analysis of variance for repeated measures (ANOVA-RM) or Student's t-test was used to test the genotype effect when a normal distribution could be assumed. The normality of the distribution was tested with Levene's test. The genotype was the between-subjects factor and the stimulus intensity (ERG) or retinal location (thickness analysis) the within-subjects factor in ANOVA-RM. If the normality of the distribution was violated, the non-parametric Mann-Whitney U-test was used. If the normality distribution was violated at any of the stimulus intensities in the serial ERG stimulations the A or B-wave amplitudes or latencies were averaged for the whole series and the averages compared. If an overall genotype effect was found, post-testing with the U-test was performed for each stimulus intensity. P < 0.05 was considered statistically significant. Means 6 SEM are displayed in the Figures 5, 7, 8 and Supplementary Material, Figs. S4, whereas means 6 SD are displayed in the Figures 1, 3, 6 , Supplementary Material, Figs. S2 and S3.
Supplementary Material
Supplementary Material is available at HMG online.
